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Abstract
The reacton centre I (RCI)-type photosystems from plants, cyano-, helio- and green sulphur bacteria are compared and the
essential properties of an archetypal RCI are deduced. Species containing RCI-type photosystems most probably cluster
together on a common branch of the phylogenetic tree. The predicted branching order is green sulphur, helio- and
cyanobacteria. Striking similarities between RCI- and RCII-type photosystems recently became apparent in the three-
dimensional structures of photosystem I (PSI), PSII and RCII. The phylogenetic relationship between all presently known
photosystems is analysed suggesting (a) RCI as the ancestral photosystem and (b) the descendence of PSII from RCI via gene
duplication and gene splitting. An evolutionary model trying to rationalise available data is presented. ß 2001 Elsevier
Science B.V. All rights reserved.
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1. The RC-research saga. A short retrospective on
what had happened so far
Seventy years ago, Emerson’s experiments [13]
showed that two distinct types of photosystems op-
erated in the light reactions of plant photosynthesis,
subsequently named photosystems I and II. The dis-
covery of bacterial photosynthesis in prokaryotic
taxa then called ‘purple’ and ‘green’ bacteria seem-
ingly further increased the number of di¡erent ‘types’
of photosynthetic reaction centres (RCs). ‘Bacterial
photosynthesis’ was found to be anoxygenic, to con-
tent itself with using only a single type of reaction
centre and to be based on bacteriochlorophyll (BChl)
rather than chlorophyll (Chl) as is the case for oxy-
genic plant photosynthesis. The enormous success of
research on the purple bacterial photosynthetic
mechanisms in the later 1960s and during the 1970s
greatly increased our understanding of light-driven
energy conversion. As a by-product of this success,
the purple bacterial RC just simply became ‘The Bac-
terial RC’ stubbornly ignoring claims that the green
RC was substantially di¡erent from the purple bac-
terial one [30]. The sulkily mumbled protests from
the green bacterial community could remain over-
heard since work on the greens could not brandish
spectacular results able to compete with those of the
‘chromatophore-people’. Growing green bacteria al-
ready was signi¢cantly more di⁄cult than growing
purples and when eventually enough cell material
was available, the green spectroscopists had to try
and get a glimpse of an RC hidden behind a black
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curtain of thousands of antenna BChls whereas the
purple researchers were pampered by Nature with
membrane fragments containing essentially nothing
but the elements of the photosynthetic chain and
substantially lower levels of antenna BChls. Never-
theless, by the end of the 1980s, the fundamental
di¡erences between the purple bacterial RC on one
side and the photosystems from green sulphur bac-
teria and from the newly discovered Heliobacteria on
the other side were well documented.
At approximately the same time, the reported mul-
titude of types of photosynthetic RCs became re-
duced by two ¢ndings:
1. The actual RC-core proteins of plant photosystem
II (PSII) (the D1/D2-proteins) were identi¢ed and
shown to strongly resemble those of the purple
bacterial RC (L/M-subunits) [40,72].
2. The RCs from green sulphur bacteria and from
heliobacteria were recognised as (less complex)
homodimeric homologs of photosystem I (PSI)
(see contributions by Hauska et al. and by Neer-
ken and Amesz in this issue).
By 1990, it had thus become clear that all photo-
synthetic RCs observed so far can be classed within
one of two distinct groups [5,53,61]. The nomencla-
tures ‘RCI/RCII’ (deriving from PSI and PSII) [61],
[Fe-S]-type and quinone-type (referring to the chem-
ical nature of the terminal electron acceptors) [5] or
even ‘fat’ and ‘thin’ RCs (making allusion to their
substantially distinct molecular weights) [53] have
been proposed to denote PSI/green sulphur/heliobac-
terial and PSII/purple/green ¢lamentous bacterial
RCs, respectively.
When the two di¡erent classes of photosynthetic
RCs and their respective members had been ¢rmly
established, striking similarities in composition and
kinetics of their mutual electron transfer chains sug-
gested that there was most likely some kind of family
relationship between RCI and RCII-type photosys-
tems and that they therefore may have evolved from
a common ancestor. Consequently, a variety of mod-
els trying to describe the evolutionary pathways of
photosynthetic RCs were presented during the fol-
lowing years [5,16,19,37,54,61,65,80]. The absence
of conclusive sequence similarities between RCI-
and RCII-type photosystems, however, inevitably
rendered all these models rather speculative and the
argument of convergent evolution was frequently put
forward to dismiss the ‘common-origin-hypotheses’.
The X-ray structure determination of photosystem
I (see contributions by Fromme et al. in this issue)
eventually did away with the possibility of conver-
gent evolution by showing that the main subunits of
PSI actually have a two-domain structure. An outer
‘antenna-domain’ carrying light-harvesting chloro-
phylls comprises the six N-terminal helices. The C-
terminal part contains ¢ve transmembrane helices
and is astonishingly similar to the purple bacterial
RCII with respect to both architecture of the poly-
peptide chains and arrangement of cofactors (Fig. 1)
[68,86]. It will in the following be referred to as the
‘core-domain’.
The emerging structure of photosystem II
[2,21,51,62,84], moreover, indicates that PSII looks
strangely like a PSI in which the two RC-subunits
have been cut into two distinct proteins each. The
PSII antenna subunits CP43/47 show a structural
arrangement resembling the antenna-domain of PSI
and the D1/D2-subunits are roughly positioned as
the core-domains of PSI.
These structural data therefore con¢rm previous
models proposing an evolutionary relationship be-
tween CP43/47 and the RCI-antenna [16,65,76].
With the structural data at hand, sequence compar-
isons between RCI- and RCII-type photosystems
have enormously gained in credibility since structur-
ally equivalent stretches can now be de¢ned and
compared. The ensemble of this new information
presented during the last 5 years has eventually pro-
vided a background of empirical data against which
the previous evolutionary scenarios can be assessed.
In the following we will try and trace the evolu-
tionary history of plant PSI back to its cyanobacte-
rial homologue, towards the homodimeric RCI-pho-
tosystems in green sulphur and heliobacteria and
¢nally to the common ancestor of all RCs, trying
to keep hypotheses guided by empirical data.
2. PSI: the RCI of oxygenic photosynthesis; stu¡ed
with extra bits and pieces
It is largely accepted that chloroplast photosynthe-
sis arose from engulfment of cyanobacteria by eu-
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karyotes. Photosystems of cyanobacteria and chlo-
roplasts therefore are highly similar.
A schematic representation of the subunit compo-
sition of PSI from cyanobacteria is shown in Fig. 2a.
The function of single subunits and their respective
contribution to the evolution of the system was par-
tially elucidated during the last decade. The subunits
PsaA and PsaB, responsible for primary charge sep-
aration, and PsaC, carrying the terminal electron ac-
cepting [Fe^S]-clusters and possibly PsaD, represent
the evolutionary heritage of all RCI-type photosys-
tems (see below). A number of additional small sub-
units, however, are speci¢c to PSI.
PsaG, PsaN and PsaH are the latest acquisitions
of PS I. They are present in chloroplasts only [50,66]
and therefore most probably were added to PSI after
engulfment of cyanobacteria by eukaryotes. Little is
known concerning their function. Involvement in
complex formation between PSI and stationary
LHCI, in the stabilisation of the quaternary structure
(for PsaH) and in interaction with the donor plasto-
cyanin (for PsaN) was proposed (e.g., Scheller et al.,
this issue; [48^50,66]).
The other subunits described in the following have
been detected in cyanobacteria (Fig. 2a) and have
homologues in eukaryotes. PsaL is responsible for
trimer formation of PSI in cyanobacteria [10,67],
possibly assisted by PsaI [83]. Trimerisation was pro-
posed as one of the responses of the cell to changing
light intensities and light qualities [34,78]. PSI trimers
are not observed in higher plants, where each indi-
vidual PSI is surrounded by antennae complexes
[8,33]. Nevertheless, PsaL is still present and may
play a role in interaction with the antennae com-
plexes.
On the cytoplasmic side of the membrane, ferre-
doxin and £avodoxin accept electrons from the [Fe^
S] clusters of PsaC. PsaD and PsaE optimise binding
of these soluble acceptor proteins to PsaC (e.g., Se¤tif,
this issue, [35,43]; see also Fromme et al., this issue).
The interaction of these subunits with ferredoxin and
£avodoxin was con¢rmed by chemical cross-linking
studies and the absence of PsaE has strong negative
e¡ects on the dissociation constants between PSI and
its acceptor proteins [3,15,39,44,64]. The function of
these cytoplasmic subunits is most likely very similar
in cyanobacteria and chloroplasts.
Photo-oxidised PSI is reduced on the periplasmic
side of the membrane by soluble cytochrome c6 in
cyanobacteria and algae, and by plastocyanin in al-
gae, higher plants and several cyanobacteria. The
reaction mechanism has been studied in di¡erent spe-
cies of higher plants, green algae and cyanobacteria
[17,32,70]. In some cyanobacteria, slow reaction ki-
Fig. 1. (a) Schematic representation of the basic architecture of RCII (right) and of the core domain of RCI (left) emphasising the
strikingly similar helical arrangement and position of co-factors. Chlorophylls are depicted as black hexagons, quinones as white
spheres and Fe^S clusters as grey cubes. Models are based on the PDB-¢les 1C51 (PSI) and 1PCR (RCII). (b) Schematic top view
from the luminal side of the membrane onto the helices of PSI [68]. The six N-terminal antenna helices are numbered according to
Fig. 3a, the ¢ve C-terminal core helices are marked by letters as in Fig. 3b. Individual subunits are indicated by continuous lines and
the antenna domains by dotted lines.
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netics in the millisecond time range were observed
(e.g., Synechocystis PCC 6803 [11,12,24] and Syne-
chococcus elongatus in vitro [23]), whereas in others
(e.g., some strains of Anabaena) [25,38,41] and of
Plectonema and Synechococcus in vivo [29,46,47,87]
fast (microsecond) reactions are observed similar to
those seen in algae and in higher plants. Several
types of speci¢c, electrostatic or hydrophobic protein
interactions were postulated in order to explain the
di¡erent types of reaction kinetics observed in cya-
nobacteria. However, despite all di¡erences in detail,
the electron transfer from the cytoplasmic electron
transfer proteins to photosystem I in cyanobacteria
is generally supposed to rely on the direct interaction
with the PsaA/PsaB proteins [23,28,42,82]. In chlo-
roplasts, the positively charged N-terminal domain in
the PsaF subunit and the corresponding acidic patch
in cytochrome c6 and plastocyanin form a stable
complex which is essential for rapid electron transfer
even at low local donor protein concentrations
[26,27]. This N-terminal domain of PsaF was also
detected in rhodophytes and in Cyanophora paradoxa
[63,71] and must therefore have been acquired before
the divergence of green, red and brown algae. Fur-
thermore, a plant-like electron transfer mechanism
can be mimicked by introducing this domain into
PSI from S. elongatus [28]. Hence, this reaction
mechanism evolved either very early in chloroplast
evolution or already in cyanobacterial species we
missed to investigate up to now.
3. An ‘economy-class’ version of RCI in green sulphur
and heliobacteria
Both the helio- and the green sulphur bacterial RC
function as single photosystems in anoxygenic light-
driven chains. Their parent organisms are strictly an-
aerobic and obligatorily phototrophic species to
which the presence of oxygen is strongly toxic.
In helio- and green sulphur bacteria most of the
subunits described above for cyanobacteria and
C
Fig. 2. Cartoon representation of RCI-type photosystems in (a)
cyanobacteria, (b) heliobacteria and (c) green sulphur bacteria.
The ¢gure summarises the composition of presently known sub-
units in the three types of RCIs.
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plants are not yet present (Fig. 2). Detailed descrip-
tions of their reaction centres are presented in the
contributions by Hauska et al. and Neerken and
Amesz within this issue.
3.1. The central subunits
According to available biochemical data, the cen-
tral part of the green sulphur bacterial RC (Fig. 2c)
appears to be a homodimer made up from the PscA-
protein. Biochemical isolates of the heliobacterial RC
(Fig. 2b) contain only the PshA subunit [73,74]. An
alignment of the amino acid sequence of the reaction
centre proteins from the green sulphur bacterium
Chlorobium limicola and the heliobacterium Helioba-
cillus mobilis to the PSI-subunits of cyanobacteria
and plants is shown in Fig. 3a,b.
3.2. The electron transfer chain
Green sulphur bacterial RCs contain BChla as ma-
jor component of their light-induced electron transfer
chain. A chlorophyllide a, esteri¢ed to farnesol (BChl
663) acts as the electron acceptor A0 [75]. Three
[4Fe-4S] clusters are present and seem to correspond
to FX, FA and FB of PSI, with FX bound to the core
subunits and FA and FB to PscB (see next Section 3.3
and Hauska et al., this issue). The presence or ab-
sence of quinone molecules as tightly bound elements
of the electron transfer chain is still a matter of de-
bate (see Hauska et al., this issue).
The bulk chlorophyll in Heliobacteria is BChlg, a
molecule similar to Chla to the exception of ring II
which is partially desaturated in the oxygen-labile
BChlg whereas it is fully unsaturated in Chla. The
esterifying alcohol is farnesol in BChlg and phytyl in
Chla. Similar to green sulphur bacteria, heliobacteria
contain a Chla-related pigment (8-OH-Chla) as elec-
tron acceptor A0. As is the case for the green sulphur
bacteria, it is not yet clear whether a tightly bound
quinone molecule A1 is present in Heliobacteria.
3.3. Further subunits
A cytoplasmic PscB subunit which carries the ter-
minal [4Fe^4S]-centres FA and FB is a two-domain
protein in green sulphur bacteria with an N-terminal
domain rich in charged residues and a C-terminal
part corresponding to a 2[4Fe^4S]-ferredoxin rather
similar to the PsaC-subunit in PSI (Fig. 3c). EPR
data obtained on membrane-fragments from helio-
bacteria indicate the presence of light-reduced (at
cryogenic temperatures) [Fe^S]-centres [52]. Never-
theless, an FA/FB-binding subunit remained elusive
so far. The photosynthetic gene cluster sequenced
by Xiong et al. [80] does not contain an ORF corre-
sponding to such a protein. The observed EPR signal
might therefore arise from electron transfer to a solu-
ble [8Fe^8S]-ferredoxin which would then pick up
the electrons directly from the heliobacterial FX-
centre. A soluble [8Fe^8S]-ferredoxin, however, was
recently puri¢ed from H. mobilis and its EPR spec-
trum was found to be di¡erent from that observed
upon low temperature illumination of heliobacterial
membranes (Schricker and Nitschke, unpublished).
We therefore still tend to assume that a genuine
FA/FB subunit is present in heliobacteria.
A further cytoplasmic subunit PscD apparently
stabilises the FA/FB-binding protein (PscB) in green
sulphur bacteria. It was speculated [20] that PscD
may play a role similar to PsaD of cyanobacteria.
Upon closer inspection of the primary sequences
and resulting secondary structure predictions we con-
sider it quite likely that PsaD and PscD are indeed
evolutionarily related proteins (see Fig. 3d).
On the periplasmic side of the green sulphur bac-
terial membrane a cytochrome subunit PscC, also
called cytochrome cz, is possibly present in two cop-
ies per RC, reducing the photo-oxidised primary do-
nor [56,57]. Heliobacteria contain cytochrome c553,
encoded by the petJ-gene [80], which was proposed
to represent an RC-associated haem-subunit serving
as electron donor to the photo-oxidised special pair
(P798) similar to cytochrome cz in green sulphur bac-
teria. No evident close homology is observable be-
tween the green sulphur and the heliobacterial cyto-
chrome. Whereas cytochrome cz is anchored to the
membrane via a three-membrane-helix N-terminal
domain, cytochrome c553 is a lipoprotein containing
two fatty acid molecules, a palmitate and a stearate
at the N-terminus of the mature protein [1] (Fig. 2).
The heliobacterial cytochrome c553, however, is
closely related to membrane-attached monohaem cy-
tochromes from Bacillus species, i.e., from other
members of the parent phylum of the Firmicutes
[69].
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Closely associated to the RCI of Chlorobium is the
FMO- (Fenna-Mathews-Olson-) protein, a BChla-
containing antenna subunit. In contrast to green sul-
phur bacteria, no antenna proteins appear to be
present in Heliobacteria and light-harvesting as well
as light-induced charge separation are carried out by
the RC alone.
4. The archetypal RCI
In the following we will try to extract the essentials
of an RCI from the characteristics of extant RCI-
type photosystems. Such a minimal version of an
RCI-type photosystem may come close to the arche-
type of RCIs.
Fig. 3 (Continued).
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4.1. An RCI is (quasi-) homodimeric
Both the green sulphur and the heliobacterial RCs
are homodimeric and the two central subunits PsaA
and PsaB of PSI are homologous to each other [54].
We therefore have a strong tendency to consider RCI
as an intrinsically homodimeric complex. This would
imply that RCI, in contrast to extant RCII, should
perform bilateral electron transfer along both
branches of redox cofactors. Experimental evidence
in favour of such a bilateral electron transfer has
been presented recently for PSI ([31,88]; for a critical
discussion, see Se¤tif, this issue). Respective data for
the green sulphur and heliobacterial RCs are not
available so far. It is noteworthy that RCI-type elec-
tron transfer chains involve only one-electron redox
reactions and unilateral electron transfer has thus no
evident advantage. RCII, however, needs to optimise
the quantum yield of the two-electron reduction of
quinones which is well achieved using a unilateral
electron transfer chain together with pool quinones
transitorily occupying the quinone-site on the ‘dead’
branch and acting as two-electron acceptors.
4.2. The two-domain structure of RCI
The bipartite composition of PSI into an outer
antenna-domain and an inner core-domain is clearly
seen in the X-ray structure solved by the Berlin
group (see contributions by Krauss et al. and
Fromme et al. in this issue) (Fig. 1b). Multiple align-
ments of primary sequences (Fig. 3a,b) demonstrate
that this bipartite structure is conserved among all
RCI-type photosystems.
4.3. Common features of the core electron transfer
chains
Based on spectroscopic (see Se¤tif, this issue) and
structural (see Fromme et al., this issue) evidence, the
light-induced charge separation in the PSI-core in-
volves a special pair of chlorophylls as primary elec-
tron donor, two consecutive Chla molecules as inter-
mediate electron acceptors (the second one probably
corresponding to the spectroscopically characterised
acceptor A0), a bound phylloquinone molecule and
the [4Fe^4S]-cluster FX. Apart from centre FX,
which lies on the symmetry axis, all Chlorophylls
of the electron transfer chain are present in two cop-
ies related by a C2-symmetry operation.
A special pair as primary donor is also present in
the green sulphur and the heliobacterial cores [54]. In
contrast to PSI, the primary donor in green sulphur
and heliobacteria is made up from a pair of BChla
and BChlg molecules, respectively. No spectroscopic
or biochemical evidence is available for the presence
of the ¢rst chlorophyll acceptor seen in the PSI-struc-
ture. It is noteworthy, however, that this also holds
for PSI itself. Although proposed already in 1991 on
the basis of a comparison between RCI and RCII
Fig. 3. Multiple sequence alignment of (a) the antenna domains, (b) the core domains of RCIs and RCIIs, (c) the FA/FB-binding sub-
units and (d) the D-subunit. Secondary structure predictions were performed in order to determine the position of transmembrane
and membrane parallel helices in a and b and of random coil and L-sheet elements in d, resulting in a rough structural alignment.
The alignment of recognised structural elements was re¢ned using ClustalX and then by eye, making use of presently available infor-
mation concerning functionally important residues. Roman and arabic numerals denote transmembrane and membrane parallel helices,
respectively, in a. The respective structural motifs are marked by capital and lower-case letters in b. Colour code: red, identical resi-
due in all RCs; bold, conserved among all RCI type photosystems and sometimes RCII-type photosystems; green-blue, identical resi-
dues in cyanos PSI and sometimes in heliobacterial and Chlorobium RCI; dark blue, identical residues in Chlorobium RCI and helio-
bacterial RCI; magenta, conserved among RCIIs and PSII; orange, conserved among RCIIs; green, identical residues in PSI and
PSII/RCII; cyan, identical residues in heliobacterial RCI and PSII/RCII; blue, identical residues in Chlorobium RCI and PSII/RCII.
Inset in b: alternative alignment of helix D. Intra-gene recombination of the GHLV-motif (marked in italic), possibly present twice in
the common ancestor of the helio- and green sulphur bacterial RCI, may have resulted in the PSI sequence. (c) Alignment of the Fe^
S cluster ligating domain in the FA/FB-proteins to soluble [8Fe^8S] ferredoxins. Ligands to FB are boxed and those binding FA are
shaded. The alignment yields the depicted dendrogram clustering FA/FB subunits and bacterial ferredoxins separately and distinct
from the archaeal ferredoxin from Sulfolobus. Species names used in a^d are abbreviated as follows: Syncy, Synechocystis PCC6803;
ChlLi, Chlorobium limicola ; ChlTp, Chlorobium tepidum ; ClfAu, Chloro£exus aurantiacus ; SpiOl, Spinacae oleacea ; ZeaMs, Zea mais ;
SulAc, Sulfolobus acidocaldarius ; HelMo, Heliobacillus mobilis ; Rdbsp, Rhodobacter sphaeroides ; Rdbcp, Rhodobacter capsulatus ;
PscAs, Peptostreptococcus asaccharolyticus ; CloPa, Clostridium pasteurianum.
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[53], the actual existence of this acceptor was only
demonstrated by the thre-dimensional structure of
PSI, e.g., [16]. It appears quite likely to us that this
component is present also in green sulphur and helio-
bacteria and that it consists of a molecule of the
respective bulk chlorophylls, BChla and BChlg.
Interestingly, the electron acceptor A0 appears to
be a Chla-like molecule in all RCIs studied so far. It
has previously been speculated that there may have
been a functional pressure leading to replacement of
BChl by Chla in the A0 site. The reducing power of
the Chla3/Chla couple being signi¢cantly higher
(EmV31000 mV) than that of the BChla3/BChla
couple (EmV3750 mV) [77] (as measured in aceto-
nitrile), a Chla-anion better feeds electrons into the
subsequent chain of low-potential electron acceptors
[54]. In the absence of a better proposal, we would
like to stick to this interpretation and assume that
the low potential end of the RCI electron transfer
chain requires the presence of Chla as electron ac-
ceptor A0. The presence of Chla in a speci¢c site may
have triggered the progressive transition towards
Chla as bulk pigment in oxygenic photosynthesis.
4.4. An RCI contains an FA/FB-subunit delivering
electrons into the aqueous phase
Although only spectroscopic evidence is presently
available for the existence of an FA/FB-subunit in
heliobacteria [52], it seems likely to us that all extant
RCIs contain this subunit as electron transfer wire
connecting the membrane-integral electron transfer
chain to electron carriers in the aqueous phase on
the N-side of the membrane (i.e., the cytoplasmic
space or the stroma).
All known FA/FB-proteins strongly resemble the
soluble [8Fe^8S]-ferredoxins (Fig. 3c) and therefore
most probably arose from a formerly di¡usible elec-
tron carrier enrolled by the RCI-core to become a
bound subunit of the photosystem. Phylogenetic
analysis (Fig. 3c, bottom) demonstrates that the
FA/FB-proteins from cyanobacteria and green sul-
phur bacteria cluster together, well separated from
soluble ferredoxins in their parent species. This indi-
cates that capture of a ferredoxin by RCI was a
relatively ancient event in the history of RCI and
that co-evolution of this new subunit with the RCI-
core conserved some characteristics of archaeal fer-
redoxins. This is in contrast to the situation encoun-
tered with the RC-associated cytochrome subunit
where green sulphur and heliobacteria independently
captured a membrane-associated cytochrome after
divergence from their common ancestor.
4.5. Hypothesis: the ancestral RCI may already have
contained a ‘D-subunit’
As discussed above and shown in Fig. 3d, PsaD of
PSI and chlorobial PscD possibly share a common
ancestor. Since (as shown below) the green sulphur
bacterial RCI branched o¡ before evolution of the
heliobacterial RCI and PSI, we are inclined to con-
sider the possibility that this subunit also exists in the
heliobacterial complex. In that case, the D-subunit
would be part of the common heritage of all extant
RCI-photosystems.
5. RCI and the phylogenetic tree of species:
mysterious or straightforward?
5.1. The era of mysterious trees
At the end of the 1980s, our understanding of
taxonomy of life on Earth experienced a substantial
reorganisation based on sequence comparisons of
small subunit (SSU) rRNA molecules. Unfortu-
nately, against the background of the resulting phy-
logenetic tree [79], the evolution of photosynthesis
looked like a big mess [5,16,19,54]. Phyla subsequen-
tially branching o¡ from the stem contained in an
alternating order RCI or RCII and no sensible pat-
tern of vertical (i.e., species-coupled) evolution of
photosynthesis emerged from these trees (Fig. 4a).
In 1994, a new tree based on SSU-rRNA was pre-
sented [59] representing a much larger sample of or-
ganisms than the previous trees. This new tree admit-
tedly conserved the global topology of the older
trees, but di¡ers (even signi¢cantly) in the position-
ing of several phyla. For example, the position of the
cyanobacterial branch has changed from a relatively
recent branching order in the ¢rst trees (Fig. 4a) [79]
to a quite ancient phylum in more recent trees (Fig.
4b) [59]. Nevertheless the seemingly erratic distribu-
tion of RCI- and RCII-type photosystems on the
phylogenetic tree persists and consequently, quite a
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Fig. 4. Phylogenetic trees of photosynthetic species based on SSU-rRNA as published in (a) 1987 [79] and (b) 1994 [59], contrasted
with the consensus tree (c) obtained by studying speci¢c proteins [69,81].
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number of scenarios have been proposed during the
last decade trying to rationalise these patterns [5^
7,16,19,37,45,53,54,58,60,61,65,80] (and we apologise
to all those that we forgot to cite). These models are
based on two distinct principles.
1. One type of model focused on the evolution of
RCs and left it mainly up to lateral gene transfer
to distribute these RCs onto species. On the topic
of evolution of oxygenic photosynthesis, with PSI
and PSII working in line in the same electron
transfer chain, the adherents of extensive lateral
gene transfer proposed a fusion event between
an RCI-type and an RCII-type chain [5,37,80].
2. The competing models were all more or less ex-
tensive variations of the ‘ancestral’ model pro-
posed by Olson and Pierson in 1987 [61]. All these
Olson^Pierson-type models are based on the
premise that RCI and RCII have originated early
in the history of photosynthesis in one and the
same organism and that subsequently, either one
or the other photosystem has been lost as a result
of adaptation yielding the extant RCI- and RCII-
chains. Only the cyanobacteria would have been
able to make good use of both RC-types by in-
venting water splitting and the linear electron
transfer chain.
5.2. Towards less confusing phylogenies
In retrospective, we feel that a major problem in
designing evolutionary scenarios for photosynthesis
during the last decade lies in an exaggerated con¢-
dence in the topologies of the SSU-rRNA trees. Dur-
ing the last few years, the situation has changed sig-
ni¢cantly as a result of a more realistic appraisal of
the reliability of phylogenetic trees. Whereas there is
no doubt concerning the eminent merits of the taxo-
nomic approach based on SSU-rRNA sequence com-
parisons in general, several topological details of
these trees have turned out to be anything but ro-
bust. In the SSU-rRNA tree presented by Olsen et al.
[59] (Fig. 4b), cyanobacteria and Firmicutes (which
comprise the heliobacteria) form two separate
branching orders. In other SSU-rRNA trees (e.g.
[18]), cyanobacteria cluster together with part of
the Firmicutes (more speci¢cally the low-GC
Gram-positive bacteria, containing the heliobacte-
ria). Meanwhile, there is ample evidence (i.e., phy-
logenies of selected proteins, see below) arguing for a
close relationship of low-GC Gram-positive bacteria
and cyanobacteria [69,76,80,81].
The phylogenetic trees based on cytochrome bc-
complexes [69] and on proteins involved in (B)Chl-
synthesis [81] not only support the clustering of cya-
nobacteria and heliobacteria but, most interestingly,
place also the green sulphur bacteria on this very
branch of the phylogenetic tree. In this context, it
is of note that the position of green sulphur bacteria
is amongst the least robust ones of the SSU-rRNA
trees. The consensus tree topology resulting from
these recent analyses is shown in Fig. 4c. The ¢rst
lineage to diverge are the green sulphur bacteria,
followed by the heliobacteria and then the cyanobac-
teria. This clustering of cyano-, helio- and green sul-
phur bacteria does away with the dispersion of RCI-
type photosystems. These three phyla now form the
one and only branch on the tree containing RCI,
thus replacing the hurly-burly distribution of RCs
by an almost logical sequence of evolutionary events.
A ¢rst inspection of this tree would suggest the most
ancient RCII-type photosystem to have appeared in
the ancestor of the green ¢lamentous bacteria and to
then have followed the evolutionary line up to purple
bacteria. In the early times of the green sulphur/he-
lio-/cyanobacterial branch, this RC would have mu-
tated into RCI, which is present in all phototrophic
species of this lineage.
6. But why do cyanobacteria contain PSII?
Apart from the ‘Olson and Pierson-scenarios’, i.e.,
those stipulating ancestry of coexistence of RCI and
RCII and subsequential loss of either of them, all
other evolutionary models were at some point forced
to assume a fusion event integrating the RCI- and
RCII-type photosystems from di¡erent species into
the electron transport chain of a single organism
[5,37,65]. The structural information obtained in
the course of the last few years concerning both
PSI and PSII allowed more reliable sequence align-
ments. Both sets of data substantially fragilised the
fusion models, as will be detailed in the following.
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6.1. Family relationship between PSII and RCI/PSI
6.1.1. Structurally, D1/D2+CP43/47 looks like PSI
The arrangement of membrane-spanning helices in
both the antenna and the core domains of PSI have
been determined by X-ray crystallography (see con-
tributions from Fromme et al., in this issue and Fig.
1). Electron density maps of PSII obtained by elec-
tron microscopy and, more recently, by X-ray crys-
tallography have been presented [2,51,62,84]. All
these demonstrate an astonishing similarity in the
spatial arrangements of helices in the PsaA/PsaB
proteins and in the unit formed by D1/D2 and the
antenna proteins CP43/47. The six membrane-span-
ning helices of CP43 and CP47 nicely correspond to
the six-helix N-terminal antenna domain of PsaA
Fig. 5. Dendrograms obtained by the neighbour-joining method from the multiple sequence alignment of (a) the six membrane-span-
ning helices of the antenna domains of RCI and of CP47/43, and (b) transmembrane helix B of the core domain of RCI and RCII.
Numbers on nodes correspond to the frequency of occurrence of nodes in 1000 bootstrap replicates.
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and PsaB, whereas the ¢ve helices in D1 and D2
match intriguingly well the ¢ve C-terminal core heli-
ces of the PSI-core subunits (notwithstanding the
presence of several distinctive structural di¡erences).
Correspondingly, sequence similarities have been
pointed out relating membrane helices from CP43/
47 to respective helices in the antenna-domain of
RCI [16,76]. In overall structure, PSII thus resembles
PSI more strongly than RCII from purple and green
¢lamentous bacteria. PSII in fact looks like an RCI
where gene-¢ssion had disrupted the antenna from
the core domain (cf. the ¢ssion event leading to split
cytochrome b [69]).
6.1.2. With respect to primary sequence, CP47/43
resemble the heliobacterial RC
Stimulated by the similarities between PSI and
PSII we went through the trouble of constructing
sequence alignments, taking all presently known
types of RCs into account. Fig. 3a,b show align-
ments based on secondary structure predictions
(i.e., the hydrophobic stretches or exposed K-helices).
Signi¢cant conservation of residues between CP47
and the heliobacterial antenna domain is observed
within the transmembrane helical segments and their
£anking regions as well as in membrane parallel K-
helices. As is evident from Fig. 3a, CP47 and the six
N-terminal helices of the heliobacterial PshA are
closely related not only with respect to these se-
quence homologies but also to overall structural
characteristics. The regions connecting membrane-
spans have similar lengths in both systems, whereas
frequent insertions and deletions are present in the
sequences from green sulphur bacterial RCI and
chloroplast/cyanobacterial PSI.
The alignment proposed in Fig. 3a,b allows a ten-
tative construction of phylogenetic trees taking into
account only sequence stretches where the alignment
is relatively reliable. Phylogenetic trees were thus cal-
culated for the six membrane-spanning stretches (in-
cluding su⁄ciently conserved £anking regions) of the
antenna domains. Fig. 5a shows the dendrogram ob-
tained by this approach. We would like to point out
that the limited length of these stretches (roughly 30
amino acid residues for each stretch) limits the reli-
ability of these trees. However, using longer stretches
with more shaky alignments makes the situation
much worse. The obtained trees therefore are the
best approximation possible at the present state
and should only be taken as indicative evidence.
The trees which are obtained on the helices in the
antenna domain feature the heliobacterial RC as ei-
ther ancestral to PSI and CP43/47 or as closely re-
lated to CP43/47 with signi¢cantly higher bootstrap
values for the former topology. The dendrogram
shown in Fig. 5a is based on a concatenation of all
six helices. The most ancient lineage of the RCI-
branch, i.e., the green sulphur bacteria have been
used as outgroup following the evidence from
[69,80,81]. The tree therefore indicates that CP43/47
descend from an RCI antenna domain and that the
gene-duplication event giving rise to the coexistence
of RCI and the precursors of CP43/47 has occurred
close to the branching-o¡ of the heliobacterial line-
age.
6.2. RCII: the emigrant photosystem
6.2.1. The ‘import-model’
The above described results therefore argue for a
descendence of PSII from RCI via gene-duplication,
gene-splitting and divergent evolution and contradict
the basic premises of the fusion models. However,
this descendence is conspicuous only when restricting
attention to the respective antenna domains/proteins.
On a functional level, D1 and D2 have undoubtedly
more in common with the purple and green ¢lamen-
tous bacterial RCIIs, which translates into a number
of sequence similarities in the cofactor-binding core
helices. Xiong et al. therefore proposed a modi¢ed
fusion model where CP43/47 indeed descend from
RCI antenna domains whereas the genes for the
core subunits D1/D2 would have been imported via
lateral gene transfer from the purple bacterial lineage
and would subsequently have been structurally
spliced into the CP43/47 antenna structure [80]. As
also discussed by Xiong et al., the most likely donor
organism in the framework of this model would be a
(nowadays extinct) species operating on a homodi-
meric RCII. It has been noted already some time ago
that the D1/D2-lineage appears to have diverged
from the L/M-lineage prior to the heterodimerisation
event [4,5]. Although this conclusion has later been
questioned on the basis of mathematical criticism
towards the tree building procedures [36], it still ap-
pears plausible to us considering structure and se-
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quence markers (not related to water-splitting),
which are conserved in both subunits of either
RCII or PSII but not between the two types of pho-
tosystems and which therefore seem to originate
from the homodimeric state [65]
6.2.2. Searching for footprints of RCII’s migration
The import-model manages to reconcile the ‘fusion
scenarios’ with the recently emerging strong similar-
ities between PSI and PSII but the necessary inser-
tion of an RCII-core into a pre-existing RCI-antenna
structure looks like a structurally and genetically
di⁄cult task to us. The arguments detailed below,
furthermore lead us to consider a di¡erent sce-
nario.
(a) The RCI core domains resemble D1/D2 in that
two additional chlorophylls, denoted ChlZ=D in PSII
appear to be present. The histidine ligands to ChlZ=D
in D1/D2 are situated in helix B and, intriguingly,
these histidine residues are conserved in all RCI-se-
quences determined so far (Fig. 3b). The structure of
PSI deposited at the PDB in 1999 shows that histi-
dine residues in the respective position in helix B of
PSI may perfectly serve as ligands to these two chlo-
rophyll molecules, situated in positions close to those
of ChlZ=D. Roles for ChlZ=D either in exciton transfer
from the antenna to the core domain or as electron
donors to P680 under certain circumstances have been
discussed [14]. No matter which functional role may
turn out to be correct (maybe both?), it appears
more likely to us that ChlZ=D re£ect descendance of
D1/D2 from the RCI core than having been inserted
by chance at this very position in a protein descend-
ing from RCII, i.e., lacking these two pigments.
(b) The sequence similarity between the antenna
domain of the heliobacterial RC and CP43/47 dis-
cussed in Section 6.1.1 extends far into the core do-
mains of both photosystems (Fig. 3b). Helices B and
C and to a somewhat lower extent also helix A of
core subunit D2 retain sequence motifs present in the
respective heliobacterial helices. In helices D and E,
which are subject to a strong functional bias due to
binding of the cofactors, sequence similarities be-
tween RCI and RCII are greatly reduced.
We therefore have attempted to construct phylo-
genetic trees using the sequence information of the
¢rst three membrane spans of the core-domains.
These trees have the advantage of including both
RCI- and RCII-type photosystems. All trees ob-
tained show D1/D2 to descend from RCI rather
than from RCII. A representative dendrogram based
on helix B and its £anking regions is shown in Fig.
5b. This dendrogram tree features an RCI-type pho-
tosystem as common ancestor of both PSI/heliobac-
terial RC and PSII whereas the L/M-subunits of the
purple and green ¢lamentous bacterial RCII appear
to arise from a gene duplication event of the ancestor
of the D1/D2-gene.
In line with previous trees dealing with the phylog-
eny of RCII [4,5], L/D1 and M/D2 do not cluster
together. The Chloro£exus and the purple bacterial
RCs are predicted to share a common heterodimeric
ancestor.
6.2.3. The export-model
As mentioned above, the reliability of trees shown
in Fig. 5 is not overwhelming due to the relatively
short sequence stretches considered. Nevertheless, at
the time being, they represent the only empirical data
with respect to the ancestor of PSII. Since the de-
scendence from RCI suggested by these trees is per-
fectly in line with the now well-documented descend-
ence of CP43/47 from the RCI-antenna domain, we
propose to take the phylogenetic results at face value.
To our minds, the most straightforward interpreta-
tion of the results described above consists in assum-
ing that gene duplication in an ancestral species close
to the branching-o¡ of the heliobacterial lineage re-
sulted in the presence of two homodimeric RCI-type
reaction centres in a single organism. These two RCs
then separately evolved to yield PSI and PSII in cy-
anobacteria. This is precisely what Olson and Pier-
son’s visionary model had predicted in 1989 with only
two modi¢cations to their original hypothesis.
1. Green sulphur and heliobacteria are considered to
have genuine RCI-only chains rather than de-
scendants of the composite chain having lost
RCII.
2. The ancestor of all RCII-type photosystems
evolved somewhere at the branching-o¡ of the
heliobacteria. Their corresponding genes for the
core subunits were exported (at the level of a ho-
modimeric form) towards an ancestor of the green
¢lamentous and the purple bacteria via lateral
gene transfer (Fig. 4c).
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7. Was the ancestral photosystem bifunctional? One
more model for the collection of evolutionary
scenarios
In a previous article on the evolution of photosyn-
thesis, some of the authors of the present contribu-
tion have favoured an RCII close to the Chloro£exus
RC as the more ancestral type of photosystems [55].
This proposal was based on two hypotheses. First,
Chloro£exus (supposed to be the oldest known pho-
totroph according to SSU-rRNA phylogeny) con-
tains RCII. Second, the ‘respiration-early’ hypothesis
formulated by Castresana et al. [9] implies that pho-
tosynthesis should have originated in a background
of a fully functional respiratory chain. It appears
particularly easy to integrate an RCII-type photosys-
tem into a respiratory chain since RCII would boost
the energisation of the membrane by recycling elec-
trons coming from the high potential chain of the
cytochrome bc-complex back into the quinol pool.
An RCI-type photosystem, by contrast, needs the
additional participation of soluble cytoplasmic elec-
tron carriers and would substantially disequilibrate
the existing respiratory system by draining electrons
away from the terminal oxidase(s).
We consider these arguments as still valid. In the
above outlined framework of the export-model, how-
ever, RCI ¢gures as the ancestral photosystem. A
possible way out of the dilemma consists in dissoci-
ating the functional aspect (i.e., reducing either solu-
ble electron carriers (RCI) or the quinone pool
(RCII)) from the structural property of reaction
centre size which can be conveniently expressed by
the attributes ‘fat’ (contiguous antenna and core do-
mains) and ‘thin’ (only core domain) introduced in
1991 [53]. Photosynthesis could have originated with
a homodimeric ‘fat’ photosystem, formed by high
molecular weight subunits but performing RCII-
type function in a respiratory membrane. The con-
version of BChla to Chla in the acceptor A0 may
then have increased the reducing power of the elec-
tron transfer chain above a threshold where electron
donation via a FX centre towards soluble ferredox-
ins/£avodoxins additionally became possible. At this
stage, the photosystem would have attained the level
of a bi-functional RC potentially ful¢lling both RCI-
type and RCII-type electron transfer. Possibly, the
RCs of helio- and green sulphur bacteria, where
the quinone in the RC is identical to the pool qui-
none, are still able to perform both functions. In this
context it seems noteworthy to us that there is an
ongoing controversy concerning the presence or ab-
sence of a quinone acceptor in the RCIs from green
sulphur bacteria (see contribution by Hauska et al.,
this issue) and from heliobacteria (see contribution
by Neerken and Amesz, this issue). The quinone ac-
ceptor A1 in PSI has been shown to be Z-stacked by
a tryptophan [22]. The only tryptophan present in
the vicinity of the A1-binding pocket in a suitable
position at the start of the de-helix is indicated in
Fig. 3b. Analogously, the quinone acceptor QA in
RCII is held in place by an interaction with a tryp-
tophan residue also situated in the de-helix. The re-
spective tryptophan residue is absent in the RCIs
from helio- and green sulphur bacteria (Fig. 3b),
which may explain that their quinone molecules are
less well anchored to the protein than in PSI and
may possibly exchange with the pool. In PSI, these
quinone acceptors are phylloquinones (i.e., carrying
a menaquinone headgroup) and are therefore chemi-
cally and electrochemically distinct from the plasto-
quinone pool. Nevertheless, deletion of menaquinone
synthesis in cyanobacteria results in plastoquinone
occupying the quinone binding sites in vivo and in
formation of an almost normally functional PSI [85].
Phylloquinone added to such membranes reconsti-
tute native PSI (P. Chitnis, personal communica-
tion). This shows that the A1-site in PSI can be
reached by pool quinones. We therefore would like
to try and stimulate examinations of the green sul-
phur and heliobacterial RCs with respect to the ques-
tion of RCII-type function. Detailed knowledge con-
cerning the presence or absence of quinone-mediated
electron £ow into the lipid phase from these two
RCIs represents a critical test supporting or dismiss-
ing the existence of extant bi-functional RCs.
In the ancestor of the cyanobacteria, gene duplica-
tion may then have resulted in optimisation of either
RCI or RCII function in di¡erent RCs. A crucial
step to cut contact towards the soluble carriers in
RCII may have been the removal of the (low poten-
tial) centre FX, the dimer-stabilising function of
which has been taken over by the non-haem iron
atom. Gene ¢ssion may then have transformed this
photosystem into a core and an antenna part, the
core part of which has subsequently been exported
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giving rise to the ancestor of the purple and green
¢lamentous bacterial thin RCII. The split and the
exported, thin RCII could then have evolved inde-
pendently into heterodimeric forms via gene duplica-
tion in their respective parent organisms, thereby op-
timising the quantum yield of quinone reduction.
Within the ancestral cyanobacteria, the split pho-
tosystem (now named PSII) would then have devel-
oped the ability to oxidise water, resulting in a sig-
ni¢cant increase of the ambient electrochemical
potential due to high levels of molecular oxygen in
the atmosphere. This drift in ambient redox potential
is likely to have triggered the replacement of mena-
quinone by plastoquinone (and by ubiquinone in
proteobacteria or caldariellaquinone in Sulfolobales).
This change in pool quinone eventually isolated the
A1-acceptor from the pool, de¢nitively locking the
fat version of the photosystem of cyanobacteria
(now named PSI) in the RCI-type function.
A ¢nding that does not ¢t into this scenario is the
presently proposed position of the green ¢lamentous
bacteria on the phylogenetic tree. According to the
above described model, Chloro£exaceae should be
diverging later than the branching-o¡ of the RCI-
organisms. Presently, most (but not all) SSU-
rRNA-analyses cluster the green ¢lamentous bacteria
together with the Thermus/Deinococcus-group, which
shoots o¡ the main branch prior to divergence of the
RCI-organisms. The tree of bacteriochlorophyll syn-
thesis genes, by contrast, places Chloro£exus as a
sister group to Chlorobium. Unfortunately, no phy-
logenetic trees based on other proteins are available
so far for the green ¢lamentous bacteria to con¢rm
their location on the tree.
Chloro£exus therefore (once more) appears as a
key organism, a better understanding of which may
help in choosing between the above-described scenar-
ios or possibly to come up with yet another evolu-
tionary model.
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